Chara buckellii C.O.A., a salt-tolerant alga, has a less negative membrane potential ( E, ) when cultured in saline medium (artificial Waldsea water) than when cultured in freshwater. The cell hyperpolarizes and membrane conductance (G,) decreases when the external medium is changed from Waldsea control solution (WCS), a high-salt medium, to low-salt medium containing sufficient sorbitol to generate the same osmotic potential as WCS. Banding pattern and proton flux experiments show that C. buckellii has higher passive proton influx in the alkaline band in high-salt medium than in low-salt medium. Decrease of the passive proton influx by darkness or low external pH dramatically hyperpolarizes the membrane and decreases the conductance. The p H dependence curves of E , and C , also indicate the existence of high passive proton conductance (CH) in C. buckellii. lon substitution experiments show that E, and G , of saltwater cells are not dependent on K+, Na+, CI-, or S04'+. Mg'+ also affects E,,, and G,, but its effect is probably on CH. We conclude that GH is the most important cause of the membrane depolarization and conductance increase in the saltwater alga C. buckellii.
The preparation of cells was previously described (Yao et al., 1992) . Briefly, Chara buckellii G.A.O. was cultured in AWW (high-salt concentration) for at least 2 months. Internodal cells were isolated from adjacent internodes 1 d prior to the experiment and placed ovemight in WCS (high-salt concentration).
Composition of Solutions
Different solutions were used to test the effects of specific ions on membrane properties. Table I shows the components of various solutions.
Electrophysiology
Internodal cells were impaled by two microelectrodes to measure E, and to inject current, which is necessary for measuring G, , as described previously (Hoffmann and Bisson, 1987; Yao et al., 1992) . The microelectrodes were connected to a voltage clamp amplifier. A current-voltage curve was generated by clamping the cell at resting potential and imposing an alternating staircase of command voltages, as described previously (Bisson and Walker, 1980) . The pulses were 500 to 1000 ms long. Conductance was measured as the slope of the current-voltage curve at the resting potential.
Abbreviations: APW, artificial pond water; AWW, artificial Waldsea water; Caps (3-cyclohexylamino)-l-propanesulfonic acid; Ches, 2(N-cyclohexylamino)ethane-sulfonic acid; E,,,, membrane potential; EPPS, (N-(2-hydroxyethyl)piperazine-N'-3-propane-sulfonic acid; GH, passive proton conductance; G, , membrane conductance; S, siemens; WCS, Waldsea control solution. Plant Physiol. Vol. 103, 1993 The internodal cells were always impaled in WCS under illumination from a Volpi Intralux 5000 optic fiber illuminator. After E, stabilized (1-2 h), the cells were subjected to the experimental treatment (e.g. altered ion gradients, changes in pH, or darkness). Ion substitution and pH series experiments were done by simply changing the externa1 solution to one of the desired composition. The cells were returned to normal WCS between each treatment. For dark treatment, the apparatus was shrouded with a black cloth and the optic fiber illuminator light was turned off. Low Mg2+ was obtained by either removing MgS04 from WCS or replacing Mg2+ by Na+/choline in low monovalent WCS. Remova1 of MgS04 from WCS would increase the osmotic potential of the solution, so to keep a constant osmotic potential for a11 the experimental solutions, sorbitol was added to balance the osmotic potential in low MgSOc WCS to -375 mOsm/kg. Replacement of Mg2+ by Na+/ choline would decrease the osmotic potential of the solution, so to keep the osmotic potential constant, the low monovalent WCS was used as a plus Mg2+ control, and Mg" was replaced by Na+ or choline and the sorbitol concentration was decreased in the experimental solution. The electrical properties of cells in this low monovalent WCS were similar to those of cells in normal WCS. A11 of the solutions with different concentrations of Mg2+ had an osmotic potential of -375 mOsm/kg adjusted by sorbitol.
In the pH series experiment, solutions of different pH were buffered with 25 mM of the following Good buffers: pH 5 to 6.5, Mes, pK, = 6.1; pH 7, Hepes, pK, = 7.5; pH 8, EPPS, pK, = 8.0; pH 8.5 to 9, Ches, pK. = 9.3; pH 10 to 11, Caps, pK, = 10.4. WCS could not be titrated to pH > 9 due to precipitation of Mg2+.
Medium Acidification
The medium acidification was measured as described previously (Yao et al., 1992) . Briefly, the cells were scannied for acid and alkaline bands using a small pH electrode (Lazar Research Laboratories, Inc., Los Angeles, CA, PHM-146, 1 mm in diameter). This pH electrode was then placed 'on the cell wall in an acid or alkaline band. Lightly buffered APW (2 ITLM Hepes, pH 7.0) or WCS (2 mM Hepes, pH 7.0; or 2 mM Ches, pH 8.5) was allowed to flow past the cell, flow was halted, and the rate of acidification or alkalinization of the medium was then measured (Bisson et al., 1991) .
RESULTS

Decrease of Salt Concentration
When C. buckellii cells cultured in saltwater were transferred from WCS to APW (-375 mOsm) (APW + sorbitol, very low ionic concentration), the membrane rapidly hyperpolarized and G, decreased to the values found in the freshwater cultured cells (E,: -220 to -230 mV; G, : 1.1 to 1.5 siemens/m2; see Table 11 ). This process occurred within a few minutes (Fig. 1) . Returning the cells to WCS quickly changed the E, and G, to their original values.
Banding Pattern and Proton Flux
C. buckellii cells show the banding pattem of alternating acid and alkaline zones at the cell surface, which is typical of charophytes (Bisson et al., 1991) . In the acid zone, active proton efflux dominates. In the alkaline band, passive proton influx dominates. Banding results showed that the alkaline band covered more surface area when the cells were in WCS (about 60% of the cell surface) than when the cells were in
Banding Pattern
To observe banding patterns, the cells were transferred to unbuffered solutions at pH 7 to 7.5 containing phenol red pH indicator dye at 8 pg L-'. Transparent sheets of plastic were laid over the Petri dish, and the banding pattems were traced for future measurement. APW + sorbitol (about 40% of the cell surface) (Table 111) .
We also monitored the proton flux in individual alkaline or acid bands. Cells in WCS showed higher proton influx at the alkaline bands and higher proton efflux at the acid bands (Table IV) than those in APW + sorbitol. These experiments indicated that the cells had much higher proton transport, both passive influx and active efflux, in WCS than in APW + sorbitol.
Effect of Darkness and Low pH
Darkness has been shown to decrease the proton influx by decreasing G H in charophytes (Lucas and Smith, 1973; Bisson, 1985) . If GH is one of the major components shunting the pump electrical potential, decreasing the proton conductance should hyperpolarize the membrane and decrease G, . When saltwater C. buckellii cells were placed in the dark, the initial response (in 5-15 min) of the membrane was a membrane hyperpolarization and a decrease in conductance. For some cells, the membrane stayed hyperpolarized and conductance remained low; for others, the membrane slowly depolarized and conductance decreased further. Table V shows the initial response of the darkness treatment, the membrane hyperpolarization and conductance decrease, which can only be explained by a decrease in some passive conductance(s), most probably the inhibition of passive proton transport, as has been discussed above. This again suggests that G H is at least one of the reasons for the E, and G, difference between the cells in WCS and those in APW (375 mOsm/kg). The slow depolarization after initial response in some cells was probably due to the decreased activity of the electrogenic proton pump due to inhibition of photosynthesis (Spanswick, 1972, 19 74b).
The dependence of E, on pH is an indication of the transport systems controlling pH (Bisson and Walker, 1982) .
In APW + sorbitol, i.e. low-salt conditions, E, shows three distinct phases (Fig. 2) . The hyperpolarization from -155 mV at pH 4.5 to -230 mV at pH 7 is close to the maximum potential that could be generated, predicted by a 2 H+-ATPase (Bisson and Walker, 1982) , indicating that the proton pump dominates E, . From pH 9 to 11, the cell hyperpolarizes from -190 mV to -210 mV, consistent with a high proton conductance. This is corroborated by an increase in measured G, (Fig. 3) . At pH values between 7 and 9, the conductance to protons appears to increase somewhat, as indicated by the increase in conductance (Fig. 3) , but not enough to dominate E, , so that E, lies between the values expected for a pumpdominated and a H'diffusion-dominated potential. In WCS, i.e. high-salt conditions, E, is always less negative than in the low-salt conditions except at pH 6 (Fig. 2) , but it does show a similar pattem of pH dependence. The repolarization of the cell at pH > 9 cannot be studied, however, since Mg" forms a precipitate at high pH, removing hydroxyls from solution. The increase in conductance at high pH is always higher than in low-salt conditions (Fig. 3) , consistent with the hypothesis that proton conductance is higher in high salt.
Effect of Monovalent lons (Other than Protons) in WCS
Besides 'GH, passive conductance to other ions might also be responsible for the E, and G, difference between the freshwater and saltwater cells. Ion substitution and removal experiments were conducted to examine this possibility.
Substitution of Na+ for K+ or K+ for Na+ in WCS did not have an effect on E, and G, , nor did the substitution of a nonpermeable cation, choline, for Na' or K+. Thus, Na+ and K' were not the factors contributing to the E, and G, difference of WCS and APW + sorbitol cells.
A substitution of S04'-for C1-was made in WCS. Sorbitol was added to the solution to make the osmotic potential of the solution equal to that of the WCS (-375 mOsm/kg). The substitution did not affect E, or G,. The nonpermeant anion gluconate was also used to substitute for C1-; it also had no effect on E, or G, . These experiments indicated that C1-and S04'-did not cause the E, and G, differences between the cells in WCS and in APW + sorbitol.
The Effect of Divalent Cations or Anions in WCS
Severa1 different methods were used to decrease the Mg'+ concentration in WCS. The first one was to decrease the concentration of MgS04 in WCS. The osmotic potential change caused by the removal was made up by adding sorbitol to the solution. The removal of MgS04 from WCS hyperpolarized the membrane and decreased the conductance (Figs. 4 and 5) . This effect was probably not due to Change in H+ concentra-5.3 f 1.0 (6)" 0.0 f 0.1 ( 6 ) 7.9 f 1.1 (11)
1.5 k 0.4 (10)
changing S042-concentration, because the substitution of C1-for S 0 4 2 -in the low monovalent WCS did not have any effect on the E, and G, , nor did the replacement of 504'-by C1-in the minus MgSO, WCS. Mg" was also replaced by different ions to see the effect of Mg2+ concentration while minimizing changes in ionic strength. Because we could not find suitable nonpermeant divalent cations, the monovalent cation choline was used. Substitution of Mg2+ by a monovalent cation would significantly decrease the osmotic potential of the solution. Therefore, a low monovalent WCS was used so that we could do the substitution while keeping the osmotic potential of the solution at -375 mOsm/kg by changing sorbitol concentration. Table VI shows that the substitution of the choline for Mg2+ hyperpolarized the membrane and decreased G,. Replacement of Mg2+ by Na+ had the same effect, but it sometimes depolarized the membrane after the initial hyperpolarization effect. This depolarization was probably due to the increase of some other ion conductance. Because we detected a G, increase during this process, we suggest that this was indeed the case.
The time course of the responses of E, and G, to the change in Mg2+ concentration varied. It usually took 30 to 40 min, suggesting that the Mg" effect might have a secondary effect on some other passive conductance.
Ca2+ concentration was decreased from 8 m~ (as in WCS) to 0.1 mM (as in APW) by substitution of Mg" for Ca2+. The decrease in Ca2+ concentration had no immediate effect on E, and G, of the cells. In the long term (hours), however, it slowly depolarized the membrane and increased the conductance (data not shown).
The Effect of lonic Strength?
The removal of MgS04 from WCS or replacement of Mg2' concentration by monovalent cations also decreased the ionic strength of the solution, suggesting that what we observed here was an effect of ionic strength on GH instead of a direct Mg" effect. But our results showed that the change of ionic strength by changing Mg2+ concentration had greater effect on the E, and G, of the cells than the same change in ionic strength by changing S042-concentration (Table VI) . So, the effect was not simply due to the change in ionic strength.
Combinations of Different Factors
We performed experiments to examine the combinations of different factors-MgS04 removal, darkness, and low pH.
The change of E, and G, caused by MgS04 removal was much less when proton influx was already decreased at a neutra1 to low pH (Table VII) . This suggested that the Mg2+ effect might be on the passive proton influx. The effect of darkness was also much reduced at low pH, which suggests that the low pH and initial response of darkness both. acted on the same passive conductance, e.g. G H . Darkness plus MgS04 removal caused more change in E, and G,, than darkness or MgS04 removal alone. A possible reason is that neither factor could fully inhibit GH alone; the combination of both treatments could have more effect on G H than one treatment alone.
DlSCUSSlON
E, of freshwater charophytes has been shown to exhibit different states (Spanswick, 1974a (Spanswick, , 1974b Bisson and Walker, 1980, 1981) . Each clearly defined state is dominated by one membrane transport system running at or near its equilibrium. The P-state exists at pH 4 to 7. In the P-state, E, is close to the equilibrium potential of the H+ pump, assuming a 2-H+ ATPase. The second state, the H-state, exists at pH 10 to 12. In the H-state, E, is determined by the diffusion potential for H+. G, of the cells in the H-state is much higher than in the P-state because of increased GH. In both states, E, and G, are sensitive to a change in external pH, but insensitive to external K+ concentration (Bisson and Walker, 1980) . At pH values between 7 and 10, E, of the cells is determined by both the pump potential and the passive diffusion potential.
E, of the saltwater cells is much less negative and G, is higher than the freshwater cells. Can the change in E, be due to a change in wall potential? Because cell walls have fixed negative charges, they can generate a Donnan potential that can be quite negative in solutions of low ionic strength. Theoretical calculations indicate the possibility of potentials as negative as -150 mV (Hope and Walker, 1975) , and values up to -70 mV can be measured with the pipet in the wall in freshwater solutions. The wall potential would be much less in higher ionic strength media, with a value of the wall Donnan potential in WCS calculated to be about -10 mV in WCS. Values of -10 to -20 mV are measured with the pipet in the wall in WCS. If the wall potential were in series with the plasma membrane potential as the tonoplast potential is, for instance, we would expect these potentials to sum, and a11 the depolarization seen going from low to high ionic strength solutions could simply be due to the change in wall potential. However, the wall potential is a Donnan potential, which is only measured within the Donnan phase itself. If there are shunting, low-resistance pathways through the wall (cf. Hope and Walker, 1975) , it will not act in series with the plasmalemma. There are a number of lines of evidence to support this.
1. A cell wall alone does not generate a potential across it. If, for instance, a cell in freshwater is killed when it is impaled, the potential measured in the dead cell is only a few mV, not the -70 to -120 mV expected of the cell wall potential.
.
When the Chara E, acts as a K+ diffusion potential (see, for instance, Bisson and Walker, 1981) , E,,, is close to the computed EK, and is not offset by the wall potential. 3. When a Chara cell in this state is subject to changes in extemal K+ concentration, the response of E, is close to or less than Nemstian, i.e. about 58 mV per 10-fold increase in concentration. Because the cell wall potential will also change in a similar fashion with extemal K+, if the wall potential is in series with the membrane potential the response should be super-Nemstian (more than 58 mV per 10-fold change), which is never seen.
We must, therefore, look for the explanation for the depolanzation in high salt in the membrane rather than in the wall. Previous studies (Yao et al., 1992) showed that the proton pump is not inhibited in salt-cultured cells. Therefore, some passive conductance must offset the pump potential.
WCS has higher concentrations of K+, Na+, C1-, Mg2+, S04'-, and Ca2+, and higher pH (pH 8.5 instead of 7.0) than freshwater. We discuss below the possibility of identification of the specific ion conductance that shunts the pump potential and depolarizes the membrane.
Charophytes also maintain altemating acid and alkaline bands on the cell surface. Passive proton influx occurs in the alkaline band. High GH will lead to membrane depolarization and conductance increase. Our banding experiments show that saltwater C. buckellii cells have a higher percentage of the cell surface covered by alkaline band (Table 111 ). In the alkaline band, the saltwater cells also have a higher proton influx than freshwater cells (Table IV) , which suggests that higher GH may be the reason for the E, and G, difference between the low-salt and the saltwater cells.
Darkness and low pH are known to decrease the net passive proton influx in Chara corallina (Lucas and SInith, 1973; Bisson and Walker, 1980, 1981; Bisson, 1985) . Both treatments hyperpolarize the membrane and decrease the conductance in saltwater C. buckellii cells. These experinients indicate that in salhvater C. buckellii cells, higher G H shunts E, and increases G,. The pH dependence curve of E, in WCS C. buckellii cells shows a shape similar to that reported in freshwater species (Bisson and Walker, 1982) , which is due to the control of E, by tho pump potential ancl the passive H+ diffusion potential (Bisson and Walker, -1980, 1981) . This gives further support to our hypothesis that GH is shunting pump potential in saltwater cells. Hoffmann and Bisson (1987) reported an insensitivity to pH of E, and G, in the saltwater C. buckellii. But thl: pH buffering concentration of their system was 5 m~ Good buffer. We noticed the same pH insensitivity at 5 mM buffer, but when the buffering capacity of the extemal solutiori was increased to 25 mM, saltwater cells showed the pH dependente of E, and G, reported for freshwater charophytes. Because the saltwater cells have higher proton influx i m the alkaline band region and high proton efflux in the acid band region, the high rate of proton cycling across the membrane can swamp low concentrations of buffer in the medium and make it difficult to control the pH near the cell surface. Therefore, a highly buffered solution is required to bring the pH of the medium at the cell surface to the desired level. Are there passive conductances other than proton conductance that also contribute to the E, and G, difference between the saltwater and the freshwater cells? Previous reports on other charophyte species showed that, besides Pstate and H-state, the membrane can be in the K-state, vrhich is characterized by high passive K+ conductance. This state was maintained in the absence of extemal calcium or in the presence of the high extemal K+ concentration or during the inhibition of the proton pump (Hope and Walker, 1975; Keifer and Spanswick, 1978) . We do not see any signilicant change of E, and G, in C. buckellii when extemal K+ concentration is changed, so the cells were not in the K-state (data not shown; also, see Hoffmann and Bisson, 1987) . E,, and G, are also insensitive to Na+, C1-, S04'-, and Ca2+, so these conductances are not the factors contributing to the E,, and G, differences between the freshwater and saltwater cells (see "Results").
The higher pH of WCS (pH 8.5) compared with the pH of freshwater (pH 7) will also contribute to an increase in proton conductance, but at every pH value above 6, cells in WCS have a conductance higher than in APW + sorbitol (see Figs. 2 and 3). Therefore, some other factor(s) besides pH in the salt medium increase GH, contributing to the higher proton cycling. We argue that the higher Mg2+ concentration c)f the extemal medium significantly increases proton conductance. The effect of Mg2+ on E, and G, was slow, and much snialler when the passive proton transport was reduced by low pH, indicating a n indirect effect of Mg2+ on GH. Cells cultured in artificial seawater, which h a s a lower Mg2+ concentration than Waldsea water, have more negative E, values than AWW cells (Hoffmann and Bisson, 1987) , confirming the significance of Mg2+.
Once passive proton transport h a s increased, proton diffusion into the cell will increase pH in the alkaline band, thus further increasing passive efflux. This will depolarize the membrane, which will lead to an increase of active H+ transport out of the cell in the acid band, resulting in a high rate of proton cycling between the acid a n d alkaline bands.
In summary, w e have found that the less negative E, a n d greater G, of C. buckellii is due in large part to an increased H+ permeability. This, in turn, is induced, at least in part, by a n increased Mg2+ concentration in the medium. The question remains whether this increased H+ conductance is pathological, representing part of the stress that the plant must overcome to survive, or whether it is a physiological response that better enables it to survive. Whereas the inhibition of H+ pumping by salinity a n d its deleterious effects on cotransport systems has been considered in higher plants, to our knowledge no investigation of increased H+ leak a n d its possible consequence for transport has been performed in higher plants, a n d the possible general significance of this should b e more widely explored.
